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PRODUCTS OF 2'-DEOXYNUCLEOSIDES and 2--deoxynucleos.de 
PRECURSORS FROM 2-DEHYDRO-3-DEOXY-D-GLUCONATE 

Thfe invention relates ,o a process for preparing 2,deoxynuCeos,de compounds or 
2-deoxy uc,eos,de precursor using S-dehydro-S-deoxy-D-gluconlc acid' (usually 

" " ta Sate - a -*« —I. A variety o, I 

deoxynuoleosides and their analogues are used as a starting materia, for synthesis 
or drug formation in produotion of an antiviral, anticancer or antisense age* 

s S u b Ter d '!; ,h ' ' T r6la,eS ,0 8 meth0 ° h WWCh KDG - « "ve o, KDG is 
subjected to a decarboxylation step to remove the original carboxy group of KDG .n 

a preferred embodiment, the KDG used in fhe method according to Jinve n «o n 
enzymatically produced from D-giuconate or D-glucosaminate. 

^deoxynuoleosides and 2'-deoxynucleoside precursors including 2-deoxy-D-ribose 
are used as starting materia, for synthesis or drug formutation. for inln e Z 

H an " Vlra ' anttCanCer a96nt 2 '- d -~s,d; s or de^l 
hereof and 2.deoxynuc,eoside precursors are a,so used as reagents for research 
dragnosis and synthesis of therapeutic antisense molecules. 

in one method of the prior art. deoxynuoleosides are generated from biological 

nr ™ s as ThT " /49o74) ° r yeast ° r ,ish ^ * °~ *-£ 

of DNA. Th,s method, however, involves severe, disadvantages, in particular 
regajng dimcuities of obtaining the staring materia, in suffcL, guan" 

The main production process of 2-deoxy-D-ribose currently consists In chemical 
reductase aobv,«y. No synthesis of 2-deoxy-D-ribose fmm KDG has been Z 

in most „ving cells, deoxyrtbonucleosides result fmm a "salvage pathway- of the 
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nucleotide metabolism. The deoxyribose moiety of deoxyribonucleosides is obtained 
through the reduction of a ribosyl moiety into di- or triphosphate ribonucleotides 
catalyzed by ribonucleotide reductases. However, the deoxyribose moiety is not 
recycled, but is degraded into D-glyceraldehyde-3-phosphate and acetaldehyde 
following the reactions of central metabolism: 

- deoxynucleoside is cleaved into deoxyribose-1 -phosphate and nucleobase 
through phosphorolysis mediated by products of the genes encoding 
thymidine phosphorylase (deoA), purine-nucleoside phosphorylase (deoD), 
uridine phosphorylase (udp) or xanthosine phosphorylase (xapA). 

- deoxyribose-1- P hosphate is converted into deoxyribose-5-phosphate through 
a reaction catalyzed by deoxyribose phosphate mutase (deoB), 

- which is further degraded to D-glyceraldehyde-3-phosphate and acetaldehyde 
through a reaction catalyzed by deoxyribose-5-phosphate aldolase (deoC). 

It has been shown that the deo enzymes also catalyze in vitro the reverse anabolic 
reasons: Deoxyribose-5-phosphate is obtained in vitro in the presence of purified 
Escherichia coli or Lactobacillus plantarum deoxyribose aldolase starting from 
acetaldehyde and D-glyceraldehyde-3-phosphate (Rosen et al., J. Biol. Chem 240 
(1964), 1517-1524; Pricer, J. Biol. Chem., 235, (1960), 1292-1298). Deoxyribose 
can also be obtained with acetaldehyde and glyceraldehyde as enzyme substrates 
but only with a very low yield (Barbas, J. Am. Chem. Soc. 112 (1990), 2013-2014). 

The patent application WO 01/14566 describes the enzymatic synthesis of 
deoxynucleosides starting from deoxyribose-1 -phosphate through the combined 
activities of three enzymes of the deo operon, i.e. deoxyribose aldolase 
deoxyribomutase and phosphorylase (thymidine or purine nucleoside phosphorylasej 
m a one-pot reaction, using as starting substrates glyceraldehyde-3-phosphate 
acetaldehyde and a nucleobase. D-glyceraldehyde-3-phosphate can be obtained 
from fructose-1,6-bisphosphate by an enzymatic process. 

The patent application EP 1179598 describes the use of phosphorylase to catalyze 
the enzymatic production of deoxynucleosides starting from deoxyribose-1- 
Phosphate and nucleobase. The yield of deoxynucleoside synthesis is improved by 
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precipitation of phosphate. 

However, methods using enzymes of the deo operen working in the reverse direction 
compared to their biological function show low yields, which indicates serious 
drawbacks for their use. 

in view of the above-described ineffectiveness of the currently applied processes for 
producmg deoxynucleosides and deoxynucleoside precursors, it is an object of the 
present invention to provide means and methods for the biosynthetic production of 
deoxynucleosides and deoxynucleoside precursors starting tarn oheap and 
commercially available compounds without being dependent on unreliable nature! 
sources. 

In particular, there is a need for alternative methods for the production of 
deoxynucleosides and deoxynucleoside precursors which allow efficient and 
economical synthesis of deoxyribonucleosides, by means of which the drawbacks of 
prior art processes are eliminated. 

The present invention relates to a method far preducing 2'-deoxynucleosldes and 
precursors thereof starting from 2Htehyd ro -3.deoxy-D-gluconic acid (KDG) or its salts 
and comprising a decarboxylation step. 

In particular, this method is useful for producing 2-deoxy-D-ribose (DRI) as well as 
synthetically versatile enamlne derivatives of DRI as 2'-deoxynucleoside precureore. 

The decarboxylation step takes place by reacting either KDG or its salts directly or a 
denvative of KDG, usually to cleave the C1-C2 bond of the KDG. 

In one embodiment of the invenflon, KDG or one of its salts undergoes (oxidative) 
decarboxylation leading to 2-deoxy-D-ribonic acid (DRN) or its salts, fee,, being 
further converted into 2-deoxy-D-ribose (DRI) or 2-deoxy-D-ribltol (DRL) 
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In another embodiment of the Invention, decarboxylation takes place by reacting 
KDG or Its salts with an amine, leading to an enamine derivative. This high energy 
enamine derivative can be further converted into DRI by hydrolysis. 

In another embodiment of the invention, (oxidative) decarboxylation is carried out on 
3-deoxy-D-gluconic acid (DGN) or its salts and/or 3-deoxy-D-mannonic acid (DMN) 
or .ts salts as derivatives of KDG, leading to DRI. Production of a mixture of DGN and 
DMN takes place by reduction of KDG. The decarboxylation is preferably carried out 
via reaction with hydrogen peroxide. 

In another embodiment of the invention, (oxidative) decarboxylation is carried out on 
3-deoxy-D-glucosaminic acid (DGM) or its salts and/or 3-deoxy-D-mannosaminic acid 
(DMM) or its salts, leading to DRI. Production of a mixture of DGM and DMM takes 
place from KDG by reductive amination. 

Another aspect of the invention is a convenient and cost-effective method for 
preparing KDG or its salts to be used in the above methods. This method starts 
e.ther from D-gluconate or from D-glucosaminate through the use of recombinant 
enzymes. The invention provides a novel nucleotide sequence encoding a 
polypeptide having D-gluconate dehydratase activity and a nucleotide sequence 
encoding a polypeptide having D-glucosaminate deaminase activity. 

The starting material used for the method of the present invention is KDG 
represented by formula (I) below or one of its salts, or a protected derivative thereof 
wherein one ore more of the hydroxyl groups at positions 4, 5 and/or 6 are protected 
by a protection group known in the art. 
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The term Z^eoxynudeoslde- as used herein re,a.es «o 2'<leoxyribonuc,eosides 
wh,ch are N-g,ycos,des. and wherein the basic N-atom of the nudeobase or 
nudeobase anaibg is bound to the anomeno carbon atom of 2-deoxy-O-ribose or 

a"!! ,r ra,iVeS - EXamP ' eS " ' SUteb ' e nU ° ,e0baSe are —*»■ 
guanine, thym.ne, uracil, 2,6-diaminopurine, and hypoxanthine. Examples of 

nudeobase anatogs are 5-azacytosine. 2-chlore-adenine, 5-,odo-cytosine, 8-aza- 
guanme, oHodc-oracil, 5-bromo-urac.l, 5-fluore-uradl, 5-ethyl-u ra cii and 5- 
trifluoromethyl-uracil. 

The tem, "2'-deoxynucleoside precursor as used herein, relates to compounds 
wn,c„ ^ b9 easlly eanmM jnto fcy 

in the pnor art. Preferred 2'-deoxynuc,eoside precursor* are 2-deoxy-D-ribose (DRI) 
or carbohydrate compounds which can be converted into the 2-deoxy-D-ribosyt 
mo.ety of 2'-deoxynucleosides, for instance, those established in the prior art 1- 
, phospho-2-deoxy-D-ribose, 5-phospho-2-deoxy.D-ribose and those established by 
he present .nvention 2-deoxy-D-ribitol, 2-deoxy-D-ribonic add, 2-deoxy-D-ribono-1 1 
ladone. 1-N-morpholinc-3,4,5-trihyd ro xy-pentene-1, and their derivatives. 

The method of the invention encompasses methods wherein me decarboxylation 
step ,s d.rectiy carted out on KDG or ite salte or on compounds derived from KDG 
Preferred KDG derivatives are 3-deoxy-D-g,uconic acid, 3-deoxy-D-mannonic add a! 
deoxy-D^,ucosamin,c add and S^oxy-D-mannosaminic acid and their respecUve 

Furthenr-ore, KDG and tts safe or protected forms of these wherein one or more o, 

known for that purpose ,n the art are also suitabie starting materials for the 
dec.rboxy a.ion readion of ,he present invention. Unless noted otherwise, any 
reference to KDG In the following specificaton embraces proteded forms of KDG 
jus, as reference to KDG derivatives is intended to embrace protected fon^s of these 
derives. S,m,,ariy, any reference te me products obtained in the methods of the 
■nventon ,s intended to encompass protected forms of these ptoducts. Preferred 
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protection groups for the purpose of the invention are those which replace the 

respective hydroxy! groups by acetate ester, benzoate ester, allyl ether, benzyl ether 

tntyl ether, ter-butyldlmethylsilyl (TBDMS) ether, isopropylidene or a benzylidene' 
acetal. 



It should be understood that, depending on suitable reaction conditions for the 
embodiments of the invention, the carboxylic groups contained In the organic acids 
used as reactants or obtained as products can be in a protonated form or in their salt 
form, or may be present in equilibrium. Exemplary salts of these acids are those 
wh.ch have metal or ammonium ions as counterions, particularly alkali metal ions 
such as sodium and/or potassium. 

Most of the carbohydrate compounds and their derivatives described in the present 
invention exist under several cyclic form but for simplicity reasons have been 
represented by open chain formulas. It is understood that the present invention 
encompasses all these isomeric or tautomeric forms. 

In a first embodiment of the invention, KDG or its salts is reacted with hydrogen 
perox.de and undergoes (oxidative) decarboxylation to 2<ieoxy-D-ribonic acid (DRN) 
a compound of formula (II) or its salts. 




OH OH u (I,) 



The product may be further converted into or 2-deoxy-D-ribitol (DRL), represented by 
formula (IV) ' - . • - j 
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OH OH OH (iv) 



or 2-deoxy-D-ribose (DRI), represented by formula 



(III) 




OH OH 



(III) 



DRN DRL and particularly DRI are among preferred 2'-deoxynucleoside precursors 
for the puipose of the present invention. Conversion of DRN to DRI may proceed 
directly or via DRL as an intermediate. 

Preferably, the preparation of DRN is carried out by oxidative decarboxylation of 
sodium or potassium 2-dehydro-3-deoxy-D.gluconate in aqueous solution with 
hydrogen peroxide at room temperature as described in example 5. A general 
method for the preparation of aldonic acids by oxidative decarboxylation of 2- 
ketoaldonic acids is described in patent EP 1 038 860 A1. 



Preferably, the preparation of DRL is earned out by hydrogenation of 2-deoxy-D- 
nbonolactone in aqueous solution with Rhodium catalyst on carbon at a temperature 
of 130-C under a pressure of 80 bars as described in example 6. 2-Deoxy-D- 
nbonolactone can be easily prepared by converting a 2-deoxy-D-ribonate (DRN salt) 
■nto 2-deoxy-D-ribonio acid, which is in equilibrium with its lactonio form in aqueous 

r 9 r 5 ns 253 5 an 6 2) Te,rahedron - 1 " 3 - 49, 349 - 362: Han> Te,rahedron A ™*" 
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Preferably the preparation of 2-deoxy-D-ribose (DRI) Is carried out by oxidization of 
2-deoxy-D-ribitol (DLR), e.g. with chromium oxide in pyridine. 

In another embodiment of the invention, decarboxylation takes place by reacting 
(KDG) or its salts with an amino group-containing reagent Y-H leading to a 
compound of formula (V). 




OH OH 



(V) 



or its respective trans isomer or a protected form thereof, as a 2'-deoxynucleoside 
precursor. Y-H represents an amine with the hydrogen atom H bound to the nitrogen 
of the amino group. 



In a preferred embodiment of the invention, the amino group-containing reagent 
represented by Y-H is a linear or cyclic secondary amine; a primary amine that 
possess a (3-carbonyl group, preferably 3-amino-2-indolinone which was found to be 
effective for the decarboxylation of a-keto acids (Hanson, J. Chem. Education 1987 
591-595). In each of these cases, -Y in formula (V) represents the respective 
nrtrogen containing residue derived from these amino-group containing reagent. 

Preferably, the compound of formula (V) represents an enamine produced via 
reaction of a linear or cyclic secondary amine as Y-H. 

Preferred cyclic secondary amines are morphdline, pyrrolidine, piperidine or N- 
methyl piperazine; preferred non-cyclic amines are those of the formula Ri-HH-R 2 
wherein R, and R 2 independently represent a linear or branched alkyl group of 1-8 
preferably 1 to 4 carbon atoms. Particularly preferred as a non-cyclic amine is 
diethylamine. 

Particularly preferred as a cyclic amine is morpholine. 
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The compound of formula (V) or its trans Isomer or a protected form thereof can be 
urther reacted with Z-H, wherein H represents a hydrogen atom and Z represents a 
leaving group, to produce a compound of fonnula (VI) 




OH OH 



(VI) 



or its respective trans Isomer or a protected form thereof, as a 2'-deoxynucleoside 
precursor. Z-H is preferably water, in which case the compound of formula (VI) is DRI 
or a protected form thereof (keto-enol-tautomerism). 

Preferably, the preparation of the compound of fonnula (V) is carted out by reacting 
KDG in benzene with the amine, e.g. morpholine under reflux using the memod 
descnbed in example 7, leading to 1-N-morpholino-3,4,5-trihyd ro xy-pentene.1 Acid 
catalysed hydrolysis with water yields 2-deoxy-D-ribose (DRI) 

A general route to aldehydes via enamines from o-oxocarboxylic acids carrying S— 
hydrogens is described by Stamos (Tetrahedron Lett. 23 (1982), 459-462) Other 
methods for the preparation and hydrolysis of enamines have been described 
elsewhere (Stork, J. Am. Chem. Soc. 85 (1963), 207-222; Stamhuis, J. Org Chem 
30 (1965), 2156-2160). 

In another embodiment of the invention, KDG or its salt is converted to 3-deoxy-D- 
gluconio acid (DGN) and/or 3-deoxy-D-mannonic acid (DMN) represented by formula 
(VI I) or the salts of these compounds 




(VII) 
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The products «*, from , hls reaction underg0 Wve) ^ 

anTrZ" "7 ydn09en *° *" DR '- PraducMon ° f a * DGN 

and DMN or tar salts fakes place from KDG or its salts by reduction. 

Preferably the preparation of 2-deoxy-D-ribose (DRI) is carried out by non- 

brrdT e , redU0,i0n * ^^^y-D^luoonlc add in water with sodium 
boroh dnde a. room temperature using tbe metbod descdbed for.2-ke*^ 

oZ T° T ^ WeiSSba ° h <J - BiOL Chem ' 234 (1959 >' 705 - 709 >. «°wed by 
aecarboxyla^on o, 3-deoxy-D-gluconate and 3-deoxy-D-mannonate v* 

,7^1 * 38 deSOribed ** in US Pa ' ent 3 ' 312 ' 683 ^ >**"* Chem Soc 
(1954), 3638-3640; Sowden J. Am. Chem. Soc. 76 (1954), 3541-3542. 

in another preferred embodiment, the p reparatfon rf a mixture of DGN and DMN 

Zri^7 R enafon ° ,2 - deh ^eo W ucona,e in aqueous solution 
w-th 6/„ mol N.ckel Raney catalyst or Platinum oxide at room temperature under a 
pressure of 6 bars. 

In another embodiment of the invention. KDG or its salt Is converted to 3-deoxy-D- 

TZT^ ° r3 - de ° X >'- D -— na«e (DMM, represented byfolla 
(VIII) or the salts of these compounds 




OH OH 



(VIII) 



HOT* "T 9 fr0m ,hiS rea ° HOn Under °° ( ° Xida « Ve ) "-rboxylaton. 

T 40 yte ' d DR '- ProdUCfl ° n * 3 ° f DGM - ««« o 

therr salts takes place from KDG or its salts by reductive amlnation. 

Preferably the preparation of 2-deoxy-D-nbose is carried out bynon-stereoselecflve 
reducbve ammabon of sodium or potassium 2-dehydro-3-deoxy-D. g ,ucona.e in 
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aqueous solution with ammonia and sodium oyanoborohydride at room temperature 
followed by oxidative decarboxylation of 3-deoxy-D- 2 -gluoosaminate and 3-deoxy-D- 
2-mannosaminate with ninhydrin using the method described for the synthesis of 2- 
deoxy-D-allose by Shelton (J. Am. Chem. Soc. 118 (1996), 2117-2125; and Borch J 
Am. Chem. Soc. 93 (1971), 2897; Durrwachter, J. Am. Chem. Soc. 108 (1986) 7812 
referenced therein). . 

Furthermore, the present invention provides a method for producing the compound of 
formula (III) (2-deoxy-D-ribose) by converting the compound of formula (I) or one of 
its salts (KDG) in one single Step. Preferably this conversion is achieved through 
enzymatic catalysis. This conversion is preferably catalysed by a kato acid 
decarboxylase. Preferred ketp acid decarboxylases are thiamin pyrophosphate (TPP) 
dependent keto acid decarboxylases. Examples of TPP dependent keto acid 
decarboxylases are pyruvate decarboxylase (EC 4.1.1.1). a benzoyifomiate 
decarboxylase (EC 4.1.1.7), an indolepyruvate decarboxylase (EC 4 1 1 74) a 
phosphonopynjvate decarboxylase, a sulfopyruvate decarboxylase (EC 4 1 1 79) ' an 
oxalyl-coenzymeA decarboxylase (EC 4.1.1.8), an oxoglutarete decarboxylase (EC 
4.1.1.71) or a phenylpyruvate decarboxylase (EC 4.1.1.43). It could be shown that 
keto acid decarboxylases, e.g., pyruvate decarboxylase enzymes frem different 
organisms, can convert KDG into 2-deoxy-D-ribose (see Examples 8 to 12) |„ 
Principle any keto acid decarboxylase can ba used in connection with the present 
invention. 

in a preferred embodiment of the method according to the Invention KDG is 
converted into 2-deoxy-D-ribose by use of an enzyme having pyruvate 
decarboxylase activity. 

A pyruvate decarboxylase catalyses the following reaction: 

pyruvate + H + -> acetaldehyde + C0 2 



n 
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Sever* pyruvate decarboxylases (PDC) have been characterized as well as the 
companding pdc genes, for Instance PDC from Zymomonas mobills Join 
access,on number AAD19711; Neale et al., J. Bacterid. 1987 . 169:1024-1028). PDC 

Tj ^TTT, ° MUm (Genbank a0CeSSi ° n " Umb9r NP01 314 5; Candy e. 
InhT' 1991 ' 137:2811 - 2815 >- from Acetobacter pasteurianus 

(Genban = access™ number AAM21208; Raj e, a,., Arch. Microbiol. 2001. 176:443- 
451) PDC from Zymobacter palmaa (Genbank accession number AAM49566- Raj et 
U A P PL Environ. Microbiol. 2002. 68:2869-2876), PDC from Sarcina venfrl 

38oT 0 rr n : umber aau8557; Lowe * +• j - ■ «£ 

138.803^807). Many other pyruvate decarboxylases seems to occur in plants, fung 
and bactena as evidenced by the occurence in these organisms of genes sharZ 
stance .homologies with weighed pdc genes. Examples of UpuZ 
pyruvate decarboxylases are: purauve 
PDC from plants: 

Arabidopsis thaliana (Genbank accession number T48155) 

Echinochloa crus-galli (Genbank accession number AAM181 19) 

Oryza sativa (Genbank accession number NP922014) 

Rhizopus oryzae (Genbank accession number AAM73540) 

Lotus corniculatus (Genbank accession number AA072533) 

Zea mays (Genbank accession number BAA03354) 

Pisum sativum (Genbank accession number CAA91445) 
Garden pea (Genbank accession number S65470) 
Nicotiana tabaccum (Genbank accession number CAA57447) 
Solanum tuberosum (Genbank accession number BAC23043) 
Fragaria ananassa (Genbank accession number AAL37492) 
Cucumis melo (Genbank accession number AAL33553) 
Vitis vinifera (Genbank accession number AAG22488) 
PDC from Fungi : 

Saccharum officinarum. (Genbank accession number CAB61763) 
Aspergilius orizae (Genbank accession number AAD16178) 
Aspergillus parasiticus (Genbank accession number P51844) 
Saccharomyces cerevisiae (Genbank accession number NP013145) 
Flammulina velutipes (Genbank accession number AAR00231) 
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Saccharomyces kluyveri (Genbank accession number AAP75899) 
Schizosaccharomyces pombe (Genbank accession number CAB75873) 
Candida glabrata (Genbank accession number AAN77243) 
Neurospora crassa (Genbank accession number JN0782) 
Pichia stipis (Genbank accession number AAC03164) 
Kuyveromyces lactis (Genbank accession number CAA61 155) 
Emericella niduians (Genbank accession number AAB63012) 
PDC from Prokaryotes: 

Mycobacterium bovis (Genbank accession number CAD93738) 
Mycobacterium leprae (Genbank accession number CAC31122) 
Mycobacterium tuberculosis (Genbank accession number NP215368) 
Mycoplasma penetrans (Genbank accession number NP758077) 
Clostridium acetobutylicum (Genbank accession number NP149189) 
Acetobacterpasteurianus (Genbank accession number AAM21208) 
Zymobacter palmae (Genbank accession number AAM49566) 
Zymomonas mobilis (Genbank accession number AAD19711) 
Sarcina ventriculi (Genbank accession number AAL18557) 
Nostoc punctiforme (Genbank accession number ZP001 10850) 

Such enzymes can be easily produced by recombinant microorganisms 
overexpressing the corresponding gene. Exampies of genes coding for TPP 
dependent keto acid decarboxylases are pdc from Zymomonas mobilis (Genbank 
acce ,on number AF124349), pdc from Saccharomyces cerevisiae Genbank 

a l T NC0 ° 1144) ' Pd ° fr ° m AC6t0baCter genbank 

access.cn number AF368435), pdc from Zymobacter palmae (Genbank accession 

P " fr ° m Sardna ™ «^ nTmber 
AF354297 Other pdc genes can be found at Genbank corresponding to the above 
list of putative pyruvate decarboxylases. 

In a preferred embodiment the pyruvate decarboxylase is of eukaryotic origin, more 

nTrariL I 7 r °T St ^ ^ Preferab,y * IS fr ° m — I 

«n a part.cu.ar.y preferred embodiment the pyruvate decarboxyiase is the pyruvate 

SSSSir s ; T siae whlch has the amlno acid — - ^" - 

,D NO - 21 ( see also GenBank accession number NP013145). 
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in another preferred embodiment the pyruvate decarboxylase is of protege origin 
more preferabiy . is from an organism of the genus Zymomonas and mosTprefera y 
fron Zymomonae mobiiis. in a particuiariy preferred embodiment the pyruvate 
decarboxylase ,s me pyruvate decarboxyiase from Z. mobiiis which has .he amino 
ac,d sequence as shown in SEQ ID NO: 19 (see aiso GenBank accession number 

in another preferred embodiment the prokaryotic pyruvate decarboxylase is from an 
o^n,sm of the genus Acetobacte, more preferably from the speL AcetobLe 
pasteunanus. Particuiariy preferred the pyruvate decarboxylase is the. of A 
pasteunanus which shows the amino acid sequence as given in SEQ ID NO- 25 (see 
also GenBank accession number AAM21208). 

in a further preferred embodiment the pyruvate decarboxyiase is from an organism of 
the genus Zymometer, more preferably of the species Zymobacter paimae 

a ~l y " " ' S 3 ~ 2 - "** shows me 

anjno^seguence g,ven in SEQ ,D NO: 29 (see also GenBank accession number 

irr; embodiment * the ^ -»*« *> «™ * 

converted ,nto 2-deoxy-D-ribose by use of an enzyme having benzoylformate 
decarboxylase activity. '"oyirormate 

A benzoylformate decarboxylase catalyses the following reaction: 
benzoylformate + H* -> benzaldehyde + C0 2 

A benzoylformate decarboxylase (BDC) from Pseudomonas putida (Genbank 
accessing number AAC15502; Tsou et a,., Biochemistry. 1990. 29:9856-9862) has 

number AV143338). Th,s enzyme has teen shown to decarboxylate both D and L 
isomers of 2-ke«o-4.5-dihydroxyva,era.e into the respective isomers of 3 4- 
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lb T ( 6t J ' ^ Ch6m - S ° C - 125 (2 ° 03 )' ^299 9) . Many 

riizrr decarboxy,ases seems to ° ccur in bacteria and 

hLT ,h ° CCUrrenCe ^ ° r9an[SmS ° f ^es sharing sequence 

homolo.es w,th genes coding for weli-estabiished BDC. Examples of such putative 
benzoylformate decarboxylases are: putative 
BDC from bacteria: 

Pseudomonas aeruginosa (Genbank accession number NP_253588) 
Rhodopseudomonas palustris (Genbank accession number NP_946955) 
Streptomyces coelicolor (Genbank accession number NP_631486) 
Chromobacterium violaceum (Genbank accession number NP_902771) 
Bradyrhizobium japonicum (Genbank accession number NP.774243) 
BDC from archaebacteria: 

Sulfolobus solfataricus (Genbank accession number NP_343070) 
Thermoplasma acidophilum (Genbank accession number NP_393976) 
Thermoplasma volcanium (Genbank accession number NP_1 1 1716) 

Such enzymes can be easily produced by recombinant onanisms 
overexpressmg me corresponding bdc gene. Such genes can be found a, GenZ 
corresponds ,o me above .is, o, putaflve benzoyiformate decarboxylases. 

Another e te for . Wamlm 

me^d accordlng to ^ jnvenfon fe phosphonopymva(e d J * 

Phospnonopyruvate decarboxyiases (PPD) have been characterized as we» 
corresponding genes, for instance PPD from Bacteroides fragiiis X„ba n k 

~ TT AAG26466; ^ 6,al - " Bi °'- ** ^130^08) 

PPD from Streptomyces wedmorensis (Genbank accession number BAA32496 

NakashKa a, a,., J. Antibiot 1 99 7. 50: 2 1 2 . 2 1 9 , Many other phosp ono^ 2 
decarboxyiases seem to occur in bacteria as evidenced by the ocoulce TT^ 
organisms o, genes sharing sequence homoiogies with genes coding £ w* 

a e p ^ r ^ ° f 8U ° h PUteSVe «~ d JrboXe 
NP 810^32, p^d TT 65 Ule,aiO,aOmi0rO " < G ~ accession number 
WB4 ^3?' ppn f AmyCO,at ° PSis genbank accession number 

CAB45023). PPD from Ciostridium fetani E88 (Genbank accession number 
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NP.782297). PPD from Streptomyces viridochromogenes (Genbank accession 
number CAA74722). PPD from streptoWes J k a - °" 

number BAA07055), PPD ta Sfreptomyces coelicolor A3 Genban k alsZ 
number NP.733715), Stroptoroyces nshiriensis (Genbenk access! 
AAG29796). Boroeteila pertussis (Genbank accession number cT 21 4 stb 

"T ° f 3 Wamine dePendem «** can be used ,n «he 

method accord,ng to the present invention is su,<b P yruva,e decarboxylase! 

rrz (spd > fr ° m Me «— -nascbi, <sz i 

a^ J. Bactenol. 2000. 182:4862^867) consisting of two subuntts ComD <Ge n ban k 

ZT T" P58415> ^ C ° mE (Genbank aCOeSSto " «2! has 

d^ases.saems «o occur in archaebactena and in bacteria as evidenced 

enes coTT " T~ * ""*» ~~ ^okJTwito 

genes coding for well-established SPD. 

Anomer further example of thiamine dependent decarboxylase which can be used in 
*e method accoroing to the present invenflon is indoiepyruvate dJ^L 
Severe, indoiepymvate decarboxylases (,P D) have been chalcted J w ^, h e 
conespond,ng genes, for instance ,PD from Enterobacter cloacae " *a 

^7 nUmber BAA14242 = 8c* a, a.., 2003, Eur. J. Biochem. 270-2322^1, 
IPD from Azospirillum brasilense (Genbank ■ m ^°- 2322 - 2 331). 

- aa "° MSB l^enoank accession number AAC3RRBR- 

Costacurta at al., Mol. Gen . Genet. 1994 243-463-4721 iPn , 7 - . 36886 ' 
in^h^i. . «*«w-472), IPD from Erwin a herbicola 

(Genbank accession number AAB06571- Branrii .i a , r- . 
1996 62-4121 41™ m= J™* 571 ' Brandl * al., Appl. Environ. Microbiol. 
996, 62.4121-4128). Many other indoiepyruvate decarboxylases seem to occur in 
bactena as evidenced by the occur™™ :„ », . 

y 9 occun-ence in these organisms of genes sharinn 
sequence homologies with genes coding for well-established IPD. 

ZTTV^JT* " 3 ,h ' amine dePendSnt which can be 

die! , aOCOrdln9 10 *• PreSent Phenylpyruvate 

decarboxylase. A phenylpyruvate decarboxylase from yeas, (Genbank 
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number NP 01 0668 : Vuralhan et a,., Appl. Environ. Microbiol. 2003. 69:4534^1) has 

sxszsr wen as ,he coTO8pond,n9 9ene aroi ° ( — k — 

decagon step is effected by an enymatic reaction, the pH vaiue is regulated 
by add-on of an acd to be between pH 5 and P H 9. preferab.y between P H 6 and pH 

"f* 7 SUtebte aCid « be — «* •* Purpose. Preferred adds are 
HCI, H^0 4 , D-gluconrc acid or 2-dehydro-3-deo X y-D- S luconic acid. 

Another aspect of the invention is a convenient and cost-effective method for 
prapanng KDG either ffom D-gluconate (QCN) or from D^cosamlnate through Z 
use of recombinant enzymes. 

(I is produced ,n a preliminary step from a gluconate salt by me use of a D- 
gluconate dehydratase activity. Preferred salts are potassium or sodium D-giuconate 

metZT D * COna,S deMrateSe iS ^ * 3 * 
the nucleot.de sequence selected from the group consisting of: 

(a) nucleotide sequences encoding a polypeptide comprising the amino 
acid sequence of SEO in m°o- 



— . - — } 

nucleotide sequences comprising the coding sequence of SEQ ID N°1- 
nucleotide sequences encoding a fragment encoded by a nucleotide 
sequence of (a) or (h\- 



acid sequence of SEQ ID N°2- 

(b) 
(c) 

sequence of (a) or (b); 

(d) nucleotide sequences hybridising with a nucleotide sequence of any 
one of (a) to (c); and y 

(e) nucleotide sequences which deviate from the nucleoside sequence of 
(d) as a result of degeneracy of the genetic code. 

The enzymatic synthesis of KDG or its salts using D-g,uconate dehydratase 
proceeds according to the fol.owing reaction: D-g,uconate is converted into KDG by 

been T T " ^ ^ ^ * * ^ 

been charactenzed in different bacteria, species e.g. in Alcaligenes (Kersters 
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Methods fa Enzyme^ (1975) , 301.304,; OosWdlum pasteurianum. (Gotlschalk 

SLT", r (1986) - 2o7 - 2io) and suffoiobus «*—- (NicoC 

1 tn^ h 8<7) <1986) ' 497 - 5 ° 0) - Th9 K*"— 

acbvrfy The gene encoding a D-g,uconate dehydratase, which was designated gonD 
was selected fro. a genomic library of Agrabactertum tumefaciens J S, ^ 
mserted in a muKi copy vector optimised for express., „ was showT^ 
crude extract from E. cofi ceils overdressing me gcnD gene catalysed! 1 
converse of ^gluconate into KDG (see Example 2). 

iormufm ' T" emb ° diment * meth0d °' ' he inven,io "- «» —Pound of 
formula (,) ,s praduced in a preliminary step from Oglucosamlnate by me use of a * 

gucosammate deaminase aCivfty. Preferably me D^lucosaminate deamfaTse 

zz:Li:r eoflde 0-9 the • — — - - 

(f) nucleotide sequences encoding a polypeptide comprising the amino 
acid sequence of SEQ ID N°4; 

(g) nucleotide sequences comprising the coding sequence of SEQ ID N'3- 

(h) nucleotide sequences encoding a fragment encoded by a nucleotide 
sequence of (a) or (b); 

(0 nucleotide sequences hybridising with a nucleotide sequence of any 
one of (a) to (c); and 

0) nucleotide sequences which deviate from the nucleoside sequence of 
(d) as a result of degeneracy of the genetic code. 

™~ Syn,heSiS " OT te ^ USi " 9 D -9'"— minate deaminase 
proceeds accord.ng to the Mowing reaction: D-glucosamlnate is converted into KDG 
by me e„m,nat to n of one moiecule water and one moiecule o, ammonia. The J£ 

species 1 6 d9aminaSe ^ bee " «"*■* Oactena 

2563 256m A P h Se " d ° m0naS flU0reSCe " 8 AS*. Biol. Chem. 53 ,1989,, 

2563-2569) Agrabacterfum radiobacter (Iwamoto. FEES Letters 104 (1979) 131 13* 
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Iwamoto. J. Biochem. 91 (1982,, 283-289), and its requirement for ion was 
shown (Iwamoto, Biosci. Biotech. Biochem. 59 (1995) 408-41 1) 
The purred Dominate deaminase was identified by screening savarai 
conectan strams tor D-glucosaminate deaminase acfivity. The gene encoding a D- 
gtocosam.nate deaminase, which was designated gmaA was isoiated from 
Agrobactenum tumefaciens strain C58 by cloning a gene annotated as a putative D- 
senne deaminase. The gmaA gene was further insetted in a muls copy vector 
o P t,m,sed for expression. „ was shown the, a etude extract from E. coli cells over- 

Z^Z^ ^ ^ ° OnVere,0n * into KDG 

In a preferred embodiment the present invention relates to a method for producing a 
impound of formula „,, in particuiar 2-deoxy-D-ribose, stoning from D-gLnate or 
D-g lucosamrnate by enzymatic reacts which, in a first step, convert gluconate or 
D-gluoosamrnate into KDG as described above and, in a second stop. Lert KDG 
into 2-deoxy-D-nbose as described above. 

Thus, the enzymatic conversion of D-gluconate Into KDG can be achieved by the use 

KDG T na '!. d9hydra,aSe - enZymaa ° COnVerSi ° n 0f ^'"cosaminato Into 
KDG can be achreved by toe use of a D-glucosaminate deaminase. With respect to 
toe preferred embodiments the same applies es has aiready been setforth above 
The enzymatic conversion of the resulting KDG into 2-daoxy-D-ribose can' be 
^m raved by toe use of a Keto add decarboxylase. With respect to toe purred 
embodiments the same applies as has been set forth above 

n S xTf two s te p method o, converting D-gluconato or D-g,ucosamina,e into 
2-deoxy-D-nbose vra KDG can be carried out in vltro by using cel, exacts of cells 
expressrng the corresponding enzymes or by using purified or partially purified 
enzymes. The enzymes can be enzymes which are natureiiy expressed in an 

ZT W " V ^ bS reCOmbinant ^ ""*««■ Metoods o, paring and 
rsoiafing contending (recombinant) enzymes are we»- k nown to the person led 

in a preferred embodiment toe enzymatic two step method o, converting D-g,ucona,e 
or D^iucosamrnato into 2-deoxy-D-ribose via KDG is carried ou, in *vo. i.e by using 
a surtable onanism, which expresses toe required enzyme ectivifies. This organism 
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may be any type of organism, prefe ra b,y ,t is a ce.,. e.g. a p.an,, an animal, a tonga! 
ceH or a bactena. oe, Most preferably funga, or bacteria, oe„s are used. Prefer^ 
fung, are yeaste. such as Saooharomyoes cerevisiae; preferred bacteria, ce,ls are 

T m ° naS m0b " iS ' 2ym ° baC,er ^ ACet0baoter Pasteurianus,' 
Acmetobacter calcoaceticus, Agrobacterium tomefaciens and BaciHus subtiHs The 

orgamsm may be an organism which endogenously aiready expresses one of the 

i 8 ^' UC ° na,e dehydrateSe ° r 3 "ate deaminase 

or producing KDG, or a keto aoid decarboxylase for converting KDG into 2-deoxy-D- 

nbose. and ,n which «he respect other enzymatic activity is expressed due to the 
.ntrcducon of a conesponding exogenous nucleic acid moieouie encoding the 
corresponds enzyme. AKemativeiy. the organism may also be an organism which 
nature, y does no, express the enzyme activities required for converting 0^2 
or D-g,ucosaminate into KDG and further into 2-deoxy-D-ribose and In whioh 
correspond^ foreign nucleic acid molecules have, been introduced encoding D- 
gluconate dehydratese or D-g,ucosamina,e deaminase and a keto add 
decarboxylase, respectively. 

ir , a i particular prefemed embodiment the onanism Is an organism which does no. 
. Press a KDG kinase (kdgK, activity. Such an enzyme aoavity wouid lead to a 

~e H° n , 0f t0 KDPG ' WniC " ta " iS *— * a " >"*> 
pyruvate and glyceraidehyde-phosphate, thereby diverting KDG Into a dfferen, 

unwanted metaboiic pathway. I, is possibie to use tor the method acting to toe 
.nvenbon onanisms whioh naturally do not exp reS s a kdgK gene. If ^ used 
oy ,sm nato ra ,,y exposes a kdgK. means and methods are we,,-known to the 
sk„,ed person to produce mutants or variants of suoh an organism in which the 
corresponding kdgK gene is inactivated. 

If the described method according to the invention is earned ou, in vivo by using an 

in" and! k TT-' * ~ 9 

n o KDG and a keto aad decartooxylase for converting KDG into 2-deoxy-D-ribose 

* s has the advantage tha, one can provide D-g,ucona,e as a substoate in the cu,to re 
med,um used to culture .he organ,sm. D-giuconate is token up by toe organism and 
is converted into 2-deoxy-D-ribose.'. 
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in another partrcularty, preferred embodiment the organism is an organism which 
does no. express a KDG aidoiase (encoded by the ada gene in E. coli) activity. Such 
an enzyme activity would lead to cleavage of KDG Into pyruvate and 
glycaraldahydes. hereby diverting KDG into a different unwanted metabolic pathway. 

naLTrt f mem0d aCCOr<lin9 t0 ,he wh>ch 

naturaiiy do no, express an ada gene. If the used onanism expresses an eda gene 

means and methods are weii-known to the skilled person to produce mutants or 

vanants of such an organism in which me corresponding eda gene is inaoBvated. 

in SOI. another partioularty, prefened embodiment the organism is an organism which 
does no, exprass a 2-deoxy-D-ribose aidoiase (encoded by me deoC gene in E. co») 

,t TT a " enZym9 a0UVity W ° Uld fead '° Cleava 9 e ° f 2-°eoxy.D-ribose into 
acetaidehyde and glyceraldehyde, thereby diverting 2-deoxy-D-ribose Into a different 
unwanted meteboiic pathway. „ is possible to use for «he method according to the 
mventron organisms which naturally do not express a deoC gene. „ the used 
organ,sm expresses a deoC gene, means and methods are well-known to me skilled 
person to produce mutants or variants of suoh an organism in which the 
correspondmg deoC gene is inactivated. For instance a deoC mutan, of E. coii has 
been reported (Vaientin-Hansen, EMBO J. 1 (1982), 317-322) as we,, as a method 
for deletmg the deo operon in E. coli (Kaminski, J. Biol. Chem. 277 (2002) 14400- 
14407; Vaientin-Hansen. Molec. Gen. Genet. 159 (1978), 191-202). ' 

The present invention also relates to organism which a re capable of enzymaacaliy 
convertrng D-giuconate into KDG due to the expression of a D-giuconate 
dehydratase and/or of enzymaticaily converting D-glucosaminate into KDG due to the 
expression of a D-glucosaminate deaminase and which are furthermore capable of 
enzymaferiiy converting KDG into 2-deoxy-D-ribose by a decarboxylation reaction 
catalysed by a keto acid decarboxylase. The organism may in principle be any 
surtable organism, preferably, it is a cell, e.g. a plant cell, an animal ce„, a funge, cell 
or a bacterial cell. More preferably, « is a fungal or a bacterial ce„. Preferred fungi are 
yeasts, e.g. Sacchammyces cerevisiae. Preferred bacteria are Escherichia coli 
Zymomonas mobiiis. ZymobaCer palmae, Acetobacter pasteurianus, Acinetobacter 
calcoacetrcus, Agrobacterium tumefaciens and Bacillus subtilis. In one aspect the 
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onanism is an org ani sm which aiready endogenous* expresses a D^uconate 
da ydretose or a D-g lu cosam,na,e deaminase and Into which a foreign nudeic add 
molecule has been Educed which encodas a keto add decarbo xyiase d 
catalyse the decarboxylation of KDG ,o 2-deoxy-D-Hbosa. W«h resped 1 ,2 

Ltrzr:r of * e ke, ° add decarboxy,ase - - — - - - 

in anothar aspact, tha organism is an organism which airaady axprassas a kato ari H 
decarboxylase which is capable of convening KDG into hTa 
dacad.oxyia.ion reason bu< which does no, na,ura„y express a D gll 
dehydratase or a D-glucosaminato deaminase, and ,n,o which a foreign nu^dd 
molecule has been introduced which encodes a D-gluconata dehy ZT nd/or 

^2zz:,z:: a D " gluoonate dehydra,ase ° r * 

In a further aspect, the organism is an organism, which naturai.y does not express a 
D-gtuconate dehydratase, a Dominate deaminase and a kT dd 
decease which is capahie of converting KDG by decarooxy1a.cn into tec" 
D-nbose, and ,n,o which foreign nudeic aoid moiecuies have been intake* 
encodrng a D^uconato dehydratase or a D-glucosaminata deaminase, or a^ 
a nuclerc acrd molacuie which encodes a keto acid decarboxylase which is capable 
of converting KDG into 2-deoxy-D-ribose by decarboxylation P 
With respect to me p re ,erred embodiments of the D-gluconate dehydratase me D 
glucosamine deaminase and the kato add decarboxyiase to be exposed n the 
organisms seconding to me invent, the same appiias which ha TZIe forth 
above ,n connection with me method according to the invention. 

I' l~ KDG T emb0d ' ment 0,3aniSm a0C ° r * 9 '° - '~» •to- 
ne* express a KDG kinase (kdgK) activity, it can either be an organism which 

natorany does no, express kdgK or i, can be an onanism which naZlTprat 

a kdgK bu , ,n which me corresponding gene has been ,nac«va,ed, e g. by Z 

drsrupfcon or other su„ab,a memods weii-known to me pereon skii.ed , me art 
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The present invention also relates to the use of an enzyme having keto acid 
decarboxylase activity or of a polynucleotide encoding such an enzyme in a method 
for converting KDG into 2-deoxy-D-ribose. With respect to the preferred 
embodiments the same applies as has already been set forth in connection with the 
method according to the present invention. 

These and other embodiments are disclosed and encompassed by the description 
and examples of the present invention. The disclosure content of any references 
cited above or below is herewith incorporated into the present application. Further 
literature concerning any one of the methods, uses and compounds to be employed 
in accordance with the present Invention may be retrieved frem public libraries, using 
for example electronic devices. For example the public database "Medline" may be 
utilized which is available on the Internet, for example under 
http://www.ncbi.nlm.nih.gov/PubMed/medline.html. Further databases and 
addresses, such as http://www.ncbi.nlm.nih.gov/, http://www.infobiogen fr/ 
http*www.fmi.ch/biology/research_tools.html, http://www.tigr.org/, are known to the 
person skilled in the art and can also be obtained using, e.g., http://www.google.de 
An overview of patent information in biotechnology and a survey of relevant sources 
of patent .nfbrmation useful for retrospective searching and for current awareness is 
given in Berks, TIBTECH 12 (ig94), 352-364. 

Furthermore, the tem, "and/or- when occurring herein includes the meaning of "and" 
"or- and "all or any other combination of the elements connected by said term". 

EXAMPLES 



Example 1 : Cloning of a gene encoding a D-gluconate dehydratase from 
Agrobacterium tumefaciens strain C58 (CIP 104333) 

Agrobacterium tumefaciens strain C58 (CIP 104333) was obtained from Inatitut 
Pasteur Collection (CIP, Paris, France). Chromosomal DNA was extracted and a D- 
gluconate dehydratase gene was amplified by PCR accoraing to standard protocols 
using the following primers: 

5'-CCCTTAATTAATGACGACATCTGATAATCTTC-3', depicted in SEQ ID N° 5; 
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5'-TTTGCGGCCGCTTAGTGGTTATCGCGCGGC-3', dep.cted in SEQ ID N° 6- 
5 -CCCGGTACCATGACGACATCT(3ATAATCTTC-3',deplcted in SEQ ID N" T 

fragm ' m amP ' ffied USl " 9 ** ** Prim6rS **** in *» O N° 5 and 
2' D „ 6 : " 9ated in, ° a P^KWerived vector previously digested by Pad 
and No,, to y,e,d the piasmid pVDMSO. A seoond DNA fragment amplffled using the 
pnrners depicted in SEQ ID N- 6 and SEQ , D N° 7, was ligated into a pET29a 
vector (Novagen) previously digested by Kpnl and Not. to yield the plasmid pVDM82 
The nucleotide sequence of the cbned gene is depicted In SEQ ID N* 1 and the 
sequence of the polypeptide encoded by this gene is depicted in SEQ ID N° 2. 

IsamEje* Expression of a D- glu conate dehydratase activity in Escherichia 
col, and preparation of 2-dehyd ro *deox y -D^.uoonate from D-gluconate 

Competent cells of E. coli BL21 were transform with the pVDM82 plasmid 
constructed as described in example 1 yielding strain + 1289. Strain ♦ 1289 was 

uTod ST! " T Bertan ' <LB) ^ *** 30 «" k — ,n 

unM OD(600 nm, re ached a value of 0.6. Then isoprepyl-e-D-lh^alactopyranoside 
(IPTG, was added to a 0.5 m M final concentration. After a further cultivation period of 
2 hours and 30 minutes, cells were collected by centrifugal and washed once with 

17, I"" r° SPhate bUffer PH 7 Z A 0611 WaS Pre » ared b * «-P— no 

about 5 g o, cells in 10 m, o, Tris-HC, 50 mM pH 8.5 buffer containing 10000 unKs 

lysozyme (Ready-Lyse, Epicentre, Madison, Wisconsin) and 1 mM EDTA and 
incubating the suspension at 30'C for 15 minutes. Then 10000 kUnits 
deoxynbonuclease I (DNase I, Sigma) as well as 5 mM MgC,2 were added to the 
preparation which was incubated at 30°C for an additional period of 15 minutes The 
cell extract thus obtained was kept frozen at -20"C before use 
1.5 ml of the cell extract was mixed with 2M sodium or potassium D-gluconate in a 
total volume of 10 ml. This preparation was incubated at 37°C after the pH has been 
adjusted to 8.5. The progression of 2-dehydro.3-deoxy.D-g,ucon a te (KDG) synthesis 
was fo owed by analysing aliquote taken after increasing periods of incubation. 
Several d.luhon parts o, these aliquote were deposited on silica plates and 
chromatographied in the following solvent system: isoprepanol / water (90/10) A 
yellow spot of KDG (Rf -0.40) was detected after revelation with P-anisaldehyde 
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KDG was also quantitated using a spectrophotometry assay based on the reaction 
with semicarbazide hydrochloride as described by Mac Gee (J. Biol. Chem 1954 
210, 617-626). Typically, after a 30h period of incubation and using the 
spectrophotometry assay, KDG concentration ranged from 1.5 to 2 M 
The sodium or potassium 2-dehydro-3-deoxy-D-gluconate solution thus obtained 
could be used as such for further synthetic steps. 2-Dehydro-3-deoxy-D-gluconic acid 
could also be prepared from such a solution applying published protocols (Bender 
Anal. Biochem. 1974. 61, 275-279). A crude preparation of a mixture of 2-dehydro-3- 
deoxy-D-gluconic acid and KCI could also be obtained by adding one equivalent of 
HCI to a potassium 2-dehydro-3-deoxy-D-gluconate solution which was then 
evaporated. 

EX3mple 3 : Clonin 9 of a 9 ene encoding a D-glucosaminate deaminase from 
Agrobacterium tumefaciens strain C58 (CIP 104333) 

Agrobacterium tumefaciens strain C58 (CIP 104333) was obtained from Institut 
Pasteur Collection (CIP, Paris, France). Chromosomal DNA was extracted and a D- 
glucosaminate deaminase gene was amplified by PGR according to standard 
protocols using the following primers: 

5'-CCCTTAATTAATGCAGTCTTCTTCAGCTCTTC-3', depicted in SEQ ID N° 8- 

5'-TTTGCGGCCGCCTAGTGAAAGAAGGTTGTGTAGAT-3', depicted in SEQ ID N" 
9; 

5'-AAATCATGACTATGCAGTCTTCTTCAGCTCTTCG-3', depicted in SEQ ID N" 10- 
5'-TATAGATCTCTAGTGAAAGAAGGTTGTGTAGAT-3', depicted in SEQ ID N- 11; ' 
A first DNA fragment amplified using the two primers depicted in SEQ ID N° 8 and 
SEQ ID N° 9, was ligated into a pUC18-derived vector previously digested by Pad 
and Notl to yield the p.asmid pKDGbl A second DNA fragment amplified using the 
two primers depicted in SEQ ID N» 10 and SEQ ID N- 11, was ligated into a pQE60 
vector (Q,agen) previously digested by BspH1 and Bglll to yield the plasmid pEP18 
The nucleotide sequence of the cloned gene is depicted in SEQ ID N° 3 and the 
sequence of the polypeptide encoded by this gene is depicted in SEQ ID N° 4 
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fiamulei: Expression of a D-glucosamtnate deaminase activity In Esoherlohla 
ooll and preparaflon of 2-dehydro-3-deoxy.D^|uconic aoid from D- 

glucosaminate 

Competent cells of E. coll MG1655 were transformed with the P EP18 piasmid 

deSCribSd 8XamPle 1 and PREP4 «W *-*"» strain +1068. 
Stan ♦ 1068 was cultivated a, ZTC in LB medium containing 30 mg* kanamycln 
and 100 mg/l ampicillin until OD(600 nm) reached a va.ue of 0.6. Then IPTG was 
added to a 0.5 mM final concentration. After a further cultivation period of 2 houra 
and 30 minutes, cells were coliected by centrifugation and washed once with 20 mM 
sodrum phosphate buffer P H 7.2. A cel. exfract was prepared using the pratocol 
described in example 2. 

2 ml of the cell extract was mixed with 100 mM sodium or potassium D- 
glucosaminate and 0.1 mM pyridoxal phosphate In a total volume of 5 ml This 
preparation was incubated at 37'C after the pH has been adjusted to 7 5 
The progression of 2-dehyd ro -3-deoxy-D-gluconate (KDG) synthesis was followed 
using the pmtocois described in example 2. Typically, after a 30h period of incubation 
and us.ng the spectrophotometer assay described in example 2, KDG concentration 
ranged from 50 to 100 mM. 

SxaniEleS: Preparation of 2-deoxy-D-ribonate from 2-dehydro-3.deoxy.D- 

gluconate 

0.5 ml of a 31% hydrogen peroxyde solution were added to 5 ml of a 1M potassium 
2-dehydr6-3-deoxy-D^luconate (KDG) solution at 25°C. The progression of KDG 
decarboxylation was followed both by the observation of bubbies resulting from the 
release of carbon dioxide and by the disappearance of KDG using the thin layer 
chromatography protocol described in example 2. Typically, after a 3h period of 
reaction the concentration of residual KDG was less than 10 mM. 

EXamP ' e6 : Pre P"ra«°n of 2K.eoxy-D-ribl.ol from 2-deoxy-D-ribonolactone 
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0.2 g of Rhodium ( 5 % on carbon) catalyst was added to an aqueous solution of 1 g 
2-deoxy-D-ribonolactone prepared following a method described by Deriaz (J Chem 
Soc. (1949), 1879-1883) for the synthesis of 2-deoxy-L-ribonolactone. Hydrogenation 
of 2-deoxy-D-ribonolactone was performed at 130»C under a pressure of 80 bars 
The solution obtained after filtration of the reaction mixture was evaporated The 
residue was dissolved in ethyl acetate and further purified by chromatography on a 
s.l,ca column. The solvent was removed in vacuo leading to a yellow oil (yield 
85%).The compound thus obtained was identical with 2-deoxy-D-ribitol obtained by 
reduction of 2-deoxy-D-ribose as described by Rabow (J. Am. Chem. Soc 122 
(1999), 3196-3203). 

ixamfilej: Preparation of l-N-morpholino-S.^S-trihydroxypentene-l from 2- 

dehydro-3-deoxy-D-gluconate 

2 g of 2-dehydro-3-deoxy-D-gluconic acid were suspended in 150 ml benzene 1 1 ml 

morpholine and 100 mg p-toluenesulfonic acid were added to the suspension and the 

reaction mixture was refluxed for 3 hours. Water formed by this reaction was 

removed by distillation. Benzene was decanted. Solid compounds attached to the 

vessel were collected, washed with acetone and dried. The main compound present 

■n this preparation (yield 40%) was further purified by column chromatography on a 

s.l.ca column using a gradient of methanol in chloroform. Fractions containing 1-N- 

morpholino-3,4,5-trihydroxypentene-1 were pooled and solvent was removed in 
vacuo. 

<H-NMR (0,0): 5 = 3.15 ppm (4H, t, morpholine), 3.8 ppm (4H, t, morpholine), 3.4 to 
4 ppm, (4H, m, 5a-H, 5b-H, 4-H, 3-H), 6.3 and 6.8 ppm <2H, 2d, 1-H and 2-H J = 4 
Hz). 



IxamEleS: Cloning of a gene encoding a pyruvate decarboxylase from 

Zymomonas mobilis 

Zymomonas mobilis strain B-806 (CIP 102538T) was obtained from Instltut Pasteur 
Collection (CIP. Paris, France). Chromosomal DNA was extracted and a pyruvate 
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decarboxylase gene was amplified by PCR according to standard protocols using the 
following primers: 

S'-GCGTTAATTAATGAGTTATACTGTCGGTACCS', depicted in SEQ ID N' 12" 
S'-TATGCGGCCGCTTAGAGGAGCTTGTTAACAGG-S', depicted in SEQ ID NM3- 
The DNA fragment amplified using the two primers depicted in SEQ ID N° 12 and 
SEQ ID N° 13, was ligated either into pSP100 or into pEVLS (respectively a pUC18- 
derived or a pQE70-derived vector as described below) previously digested by Pad 
and Not! to. yield respectively plasmid pEVL107 and plasmid pEVL420 The 
nucleotide sequence of the cloned gene as well as the encoded sequence of the 
corresponding polypeptide can be found at GenBank (accession number AF1 24349) 
and is shown in SEQ ID NO: 1.8 and SEQ ID NO: 19, respectively. 

Plasmid pSPlOO was obtained by introducing a ribosomal binding site, a Pad and a 
NotI restriction sites into a pUC18 vector previously digested by EcoRI and BamHI 
us.ng standard protocols. The complete nucleotide sequence of pSP100 is depicted 
in SEQ ID N° 14. 

Plasmid pEVLS was obtained by introducing a ribosomal binding site, a Pad and a 
NotI restriction sites into a pQE70 vector (Qiagen) previously digested by EcoRI and 
BamHI using standard protocols. The complete nucleotide sequence of pEVLS is 
depicted in SEQ ID N° 15. 



Examp,e 9 : C,onin 9 of a 9ene encoding a pyruvate decarboxylase from 

Saccharomyces cerevisiae 

Chromosomal DNA was extracted from Saccharomyces cerevisiae strain S288C 
(ATCC 204508) and a pyruvate decarboxylase gene was amplified by PCR 
according to standard protocols using the following primers: 
5'-ATATTTAATTAATGTCTGAAATTACTTTGG-3', depicted in SEQ ID N° 16" 
5'-ATATGCGGCCGCTTATTGCTTAGCGTTGGT-3', depicted in SEQ ID N» 17; 
The DNA fragment amplified using the two primers depicted in SEQ ID N° 16 and 
SEQ ID N° 17, was ligated either into pSP100 or into P EVL5 (respectively a pUC18- 
denved or a pQEZO-derived vector as described in example 8) previously digested by 
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Pad and Notl to yield respectively plasmid pVDM61 and plasmid pEVL419 The 
nucleotide sequence of the cloned gene as well as the encoded sequence of the 
corresponding polypeptide can be found at GenBank (accession number NC001 144) 
and is shown in SEQ ID NO: 20 and SEQ ID NO: 21, respectively. 

Example Ex P re *sion of a pyruvate decarboxylase activity in Escherichia 
coii and enzymatic synthesis of 2-deoxy-D-ribose from 2-dehydro-3-deoxv-D- 

gluconate 

Expression of pyruvate decarboxylase and nr. p gra H 0n Qf r , e „. fre<a ovtre> ^ 
Competent cells of E. coii MG1655 strain were transformed with either pEVL107 or 
PVDM61 (constructed as described in examples 8 and 9) yielding respectively strain 
+1735 and strain + 844. These strains were cultivated at 37»C in Luria-Bertani (LB) 
med,um (Difco) containing 100 mg/l ampicillin until OD(600 nm) reached a value 
around 1.5. ( 

Competent cells of E. coii MG1655 strain harbouring pREP4 plasmid (Qiagen) were 
transformed with either pEVL420 or P EVL419 (constructed as described in Examples 
8 and 9) yielding respectively strain + 3150 and +3148. These strains were cultivated 
at 37°C in Luria-Bertani (LB) medium (Difco) containing 100 mg/l ampicillin and 30 
mg/l kanamycin until OD(600 nm) reached a value of 0.6. Then isopropyl-p-D- 
th.ogalactopyranoside (IPTG) was added to a 0.5 mM final concentration. After a 
further cultivation period of 2 hours and 30 minutes, cells were collected by 
centnfugation and washed once with 20 mM sodium phosphate buffer pH 7 2 
For each strain a cell-free extract was prepared using the same protocol as 
descnbed in Example 2. Then crude cell-free extracts were passed through a PD-10 
column (Amersham) equilibrated with 50 mM Tris-acetate buffer pH 6 and stored at - 
20°C. 

Enzymatic synthesis of 2-deoxy-n-ribose from 9.ri^ y r iro . 3 ^ ny , f . n .^ nn ^ 
1.0 ml of cell-free extract was mixed with 20 mM sodium 2-dehydro-3-deoxy-D- 
gluconate, 0.5 mM thiamine pyrophosphate and 5 mM MgCI 2 in a total volume of 1 5 
ml of 50 mM tris-acetate buffer P H 6. The progression of 2-deoxy-D-ribose (DRI) 
synthesis was followed by analysing aliquots taken after increasing periods of 
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chromatognaphied in the following solvent system bu. a nn, , . ZT 

nanva am.. . * _ '""'"era system, butanol / tnethylamne / water 

DRI was concentrated and passed throuah » 1 s m i .n- . 

isor,mn=n„i -n, « 9 a 15 ml slllca column equilibrated with 

■sopropanol. The fractons containing the expected DRI compound were pooled 

ofsuch an analysts confrmed me idenaty of the isolated compound with DR. and ^ 
produchon of DRI ftom KDG catalysed by pyruvate deoamoxylase e^ mom 
Zymomonas mobilis orfrom Saccharomyces cerevisiae. 

BUll; C.on.„ g of a gene encod.ng a py^vata decarbox y .ase from 

ac^ Tr teUr,anUS ' 8XPreSSi0n 0,enCOded »~ dacLoxyal 
"** ESCheriCh,a C °" a " d *~is of 2-deoxy.D-rlbosa frl 

2-dehydro-3-deoxy-D-gluconate 

^ aCte r SteUrianUS "* NCIB 8618 (DSMZ 2347 > Stained from DSMZ 

Zn^w T Samm ' Un9 Wn Mil ^ a "'— «"d ZellKultaren Grnb^ 
Braunschwe,g, Genmany). Chromosomal DNA was extracted fmm , he cells and a 

1 2ZT^ GGG ^ GTCCGrC ^ CArAT ^- *«— - SEQ ID N- 22 - 

The CCAGAGTGGTCTTGCGCG - 3 '' * -D 

The D NA amp|ifled us . ng ^ N 23 

SEQ ID N° 23. was ligatec, either info pSP100 or into pEVLS (respeZy a pUC18 

r:: srr veo,or as * *> « < 
^zir^^^r rr and p,asmw pevl56 °- t - 

Huence btu id N 24 of the cloned gene as well as the encoded 
^cuenca of the corresponding polypeptide SEQ ID N° 25 can be found a GenC 
(accession number AF36843.5). « ^enBank 
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Competent celts of E. coll MG1655 strain were transformed with pEVL541 yielding 
*ra,n . 559. Competent cells of E. coi, MG1655 strain harbouring pREP4 pla^ 
(Qragen were transformed with pEV L 56u yielding strain + 3924. These strains were 
coated and ceii-free extract wera prepared as described in Exampie 10. Ceii-free 
exacts ware incubated with KDG and the p rogres sion of 2-deoxy-D-ribose (DRI) 
syn«hes,s was followed as descnbed in Exampie 10. A spot contending to DRI 
was observed indicafing that pyruvate decarboxylase ftom Acetobactar pasteurianus 
was able to decarboxylate KDG into DRI. sreunanus 

Exampie 12: Coning of a gene encoding a pyruvate decarboxylase from 

EsThericl' eXPreSSi ° n °' enCOd6d Pyn,Vate *-*«*~ activity ,„ 

Eachenchra col, and enzymatic synthesis of 2-deoxy.D-ribose from 2-dehydro- 

3-deoxy-D-gluconate 

Zymobacter paimae strain T109 (DSMZ10491) was obtained mom DSMZ Collection 

Get 8 t r 9 Wn Mikr °°^ nism9n - Zellkuituren GmbH. B ra unschweig, 
Germany). Chromosomal DNA was extracted from the cells and a pyruvate 
decarboxylase gene was amplified by PCR acceding to standard protocols ulg the 
following primers: y 

5-ATCTTAATTAATGTATACCGTTGGTATGTACT-3', depicted in SEQ ,D N° 26- 
5^TATGCGGCCGCTTACGCTTGTGGTTTGCGAGAGT.3'. depicted in SEQ ,D N° 

^oTJT*" amP ' Med USi " S *"° Primere d6piCted in S£ Q '° N- 26 and 
SEQ id N 27. was ligated either into pSP100 or into pEVL5 (respectively a pUC18- 

denvad or a pQE70-derived vector as described in example 8) previously igested by 
Pac and Not. to yieid respectively piasmid pEVL546 and piasmid pEVL561 The 
nucleotide sequence of the Coned gene as we,, as the encoded sequence o, the 
conespond ng poiypeptida is shown in SEQ ID NOs: 28 and 29, raspecfively and can 
be found at GenBank (accession number AF474145) 

Competent cells of E. coli MG1655 strain ware transfomted with pEVL546 yielding 
*a,n + 588. Competen, ceiis of E. coii MG1655 strain harbouring pREP4 ilsl 
(Q^gen) ware transformed with pEVL560 yielding strain +3923. These strains ware 
cuifivated and cell-frea exfrac* were prepared as described in Example 10. Caii-free 
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exacts wens incited with KDG and the progression of 2-deoxy-fWbose (DRh 
synthes, was foiiowed as described ,n Exampie 10. A spot co nresp on* ,2 

able to decarboxylate KDG into DRl. 

Example 13. Coning of a gene encod.ng a benzoylformate decarboxylase from 
Pseudomonas pu , lda , expression of enooded benzoyl decade 
aobvrty ,„ Escherichia ooii and enzyme syndesis of a^eoxy-O-riboseT: 

2-dehydro-3-deoxy-D-gluconate. 

^ononss putUa s, rain Migula (DSMZ 291) was obtained from DSMZ Collection 

c!^Jy>^^^^^^^'^'^^^'^^^'®®^^'^"^'> depicted in SEQ ID N° 30- 
5 -WGCGGCCGCTTACrrCACCGGGCTTACGGTGC^.. depicted in SEQ £ N" 

IpoTm'T 6 "' amP ' med USi " 9 * he *° Primere d ™ - ID N° 30 and 
SEQ ID N° 31. was iigated eltber into pSP100 or into P EV L5 (respectively a P UC18 

zi rs rr ed vec,or as deseribed ,n -* °> « - 

null reSPe0UVely PlaSmW PEVL681 and PEVL670 The 

nucleot.de sequence SEQ ,D N° 32 of the cloned gene as we,, as the encoded 

seance of the corresponding polypepUde SEQ ,D N" 33 can be found a Genet 
(accessing number AY143338). «enuanK 

Competent cells of E. col, MG1655 strain were transformed with pEVL681 vieldina 
stram + 4050. Competent cells of E. coll MG1655 strain h»*„ =T 9 
(Qiagen, were transformed with pEVL670 * Z Tl " V 

cultivated and ce.free extracts were prepaid a^I I " 

extracts were Incubated with KDG and ,he progression of le DRO 

synlhests was followed as described in example 10. A spo, corresponding^ ^}R| 
w^ observed indicating the, benzoyiformate decarboxylase from PsZIZ 
putida was able to decarboxylate KDG into DRl. e"oomonas 
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Preparative enzvmafir synthesis of 2-deoxv-n-rihnco 

100 Ml of cell-free extract from strain +3927 (containing 2.5 mg of bacterial proteins) 
were mixed with 300 mM sodium 2-dehydro-3-deoxy-D-gluconate, 0.5 mM thiamine 
pyrophosphate and 5 mM MgCI 2 in a total volume of 0.5 ml of 80 mM potassium 
phosphate buffer pH 6. After a period of incubation of 16 and 40 hours, few pi of a 
solution of HCI 2N were added to the incubation mixture until the P H reached a value 
of 6. The progression of 2-deoxy-D-ribose (DRI) synthesis was also followed by 
analysing aliquots taken after increasing periods of incubation at 37°C About 1 pi of 
each aliquot was deposited on a silica plate and chromatographied as described in 
example 10. The concentration of 2-deoxy-D-ribose was estimated to be about 200 
mM by comparison with standard solutions. 13C NMR analysis of the crude mixture 
confirmed that the compound formed from 2-dehydro-3-deoxy-D-gluconate was 2- 
deoxy-D-ribose, and that the concentration of 2-deoxy-D-ribose was closed to 25 g/l 
Another preparative enzymatic synthesis was performed in the same conditions 
except that no addition of acid was made along the incubation period. In those 
conditions, the concentration of 2-deoxy-D-ribose was closed to 10 g/l, far lower than 
the concentration reached in the preceding experiment for which the pH had been 
controlled and regularly adjusted to a value of 6. 

Example 14. Enzymatic synthesis of 2-deoxy-D-ribose from D-gluconate 

One pot enzymatic synthesis of 2-deoxy-D-ribose from D-gluconate was achieved as 
follows, using D-gluconate dehydratase encoded by gcnD gene of Agrobacterium 
tumefaciens and pyruvate decarboxylase from Zymomonas mobilis: 

50 pi of cell-free extract from strain +1289 (containing 1.5 mg of bacterial proteins) 
and 400 pi of cell-free extract from strain +3150 (containing 17 mg of bacterial 
proteins after concentration by ultrafiltration) prepared as described respectively in 
example 2 and in example 10, were mixed with 50 mM potassium D-gluconate 0 5 
mM thiamine pyrophosphate and 5 mM MgCI 2 in a total volume of 0.5 ml of 50 mM N- 
(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES) buffer pH 7 The 
progression of 2-deoxy-D-ribose (DRI) synthesis was also followed by analysing 
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aHquots taken after Increasing periods of incubation at 37'C. After a period of 
incubation of 18 hours, about 1 pi of the incubation mixture was deposited on a silica 
Plate and chromatographied as described in example 10. The concentration of 2- 
deoxy-D-ribose was estimated to be about 1 g„ by comparison with standard 
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